Abstract-To enhance the flexibility of the parallel FDTD for the analysis of the bio-electromagnetic problems, a universal and efficient interpolation technique based on the super-absorbing boundary principle is presented, which can improve the interpolation accuracy and ensure the stability of the parallel FDTD iterative procedure. Using this technique, we calculate the SAR (Specific Absorption Rate) values in the head for two different human-body postures. In the iteration procedure of parallel FDTD, the data are exchanged between adjacent subdomains with the interpolation technique. Thus, the meshes can be created in local coordinates, which makes it convenient to build the human model in the different posture and use position for FDTD computing. The results show that the change of human-body posture only brings about a slight decrease (within 6.8%) in the peak SAR values, whereas the SAR values in the brain, as a critical organ, are sensitive to the change of the body posture, and it increases by 28% at maximum for the 1-g averaged peak SAR.
INTRODUCTION
With the rapid development of the wireless communication technology and the widespread use of mobile phone [1] [2] [3] [4] [5] [6] , there has been increasing public concern about the influence of the electromagnetic (EM) radiation on the human body, and SAR has been recognized as one of the most significant parameters describing the electromagnetic field interaction with the human body [7] . Since it is very difficult to quantify the SAR directly in a living human, dosimetry is compelled to rely mainly on computer simulation with high-resolution numerical human models derived from magnetic-resonance imaging (MRI) data. The finite difference time domain (FDTD) algorithm is currently the most widely accepted means for numerical dosimetry [8, 9] . By discretizing space into a number of cells, and by assigning each cell a corresponding permittivity and conductivity, this algorithm offers great flexibility in modeling the heterogeneous structures of anatomical tissues and organs [10] [11] [12] [13] [14] . As the use of MRI-based millimeter highresolution human models requires huge amount of memory and long simulation time, it could place the solution of the problems beyond the capabilities of any single computer. To overcome the bottlenecks of the computational power and storage requirement, the exploitation of parallel FDTD has been presented for whole-body numerical dosimetry in the last fewer years [15, 16] .
In the traditional parallel FDTD algorithm, the whole computational space is decomposed into several subdomains in uniform Cartesian coordinates, and the tangential field components are exchanged at the subdomain boundaries [17, 18] . However, unlike the regular electromagnetic structures, the human body has various changes in the posture, such as the standard standing, the head rotating forward or arms stretching vertically up. Besides, the mobile phone in use can have inconsistent position, e.g., tilted by 30 • , 45 • or 60 • . Thus, some of the subdomains are not parallel with the Cartesian coordinate plane. As the discretization grids of the traditional FDTD are usually rectangular in shape, it does not produce accurate results for whole-body numerical dosimetry owing to the staircasing approximation. In view of the factor that the mobile phone is the chief radiation source, the staircasing introduces significant errors. To avoid compromising accuracy, a scheme by which the human model is rotated via coordinate conversion is adopted to fit the handset antenna to FDTD lattices in literature [19] ; nevertheless, this scheme increases, to a great extent, the complexity of the FDTD algorithm, and moreover, when the posture of human body further changes, it is very difficult to build the human model via coordinate conversion.
In this paper, to enhance the flexibility of the parallel FDTD for the analysis of the bio-electromagnetic problems, a universal and efficient interpolation technique based on the domain decomposition parallel FDTD (DD-PFDTD) is presented, which can improve the interpolation accuracy between subdomains. Thus, the computational space is divided largely according to the features of the original problem, which makes it convenient to build the human model. Using this approach, we calculate the SAR values in the head for two different postures: the standard standing and arms stretching up, when the human body is exposed to the electromagnetic radiation from a mobile phone. Moreover, we also analyze the effect of human-body posture on the SAR in the user head in detail.
INTERPOLATION TECHNIQUE FOR PARALLEL FDTD
In certain circumstances, it is difficult to find a uniform mesh scheme, which can exactly describe all the subdomains of parallel FDTD, such as the bio-electromagnetic modeling mentioned above. To break through the drawback, the DD-PFDTD combined with interpolation technique is proposed. Thus, the computational space can be divided into several subdomains corresponding to the posture of human body and the use position of mobile phone. The meshes are created in local coordinates. In each subdomain, the FDTD computation is carried out independently in local meshes and local time step [20] . During the iteration process of FDTD, the adjacent subdomains in uniform system of coordinates exchange directly the tangential field data at the boundaries, and those in different system of coordinates have an overlapping boundary region, and the interpolation technique with overlapped meshes is applied. It is obvious that the key step of this approach is the data interpolating process between subdomains, which must ensure the stability and accuracy of the FDTD iterative procedure.
On account of the simplicity and usefulness, the linear interpolation is widely employed for the DD-PFDTD [21] . To reduce the interpolating errors, one technique is to shorten the grid increment of the overlapping domain, yet will bring about the rapid increase of computation and storage. Therefore, it is necessary to find an effective means, which can reduce the linear interpolation errors on condition that the grid increment retains invariable.
Based on the principle proposed in literatures [22, 23] , if the boundaries of subdomains are regarded as generalized absorbing boundaries, we can correct the interpolation errors on the second layer of meshes. In the three-dimensional case, as shown in Figure 1 , the magnetic fields on the outermost layer of the subdomain, H y (i, j, k + 1/2) and H z (i, j +1/2, k) are obtained by the linear interpolation from the adjacent subdomain. The corresponding interpolation errors are
where H At the mesh nodes of layer (i − 1/2), the electric fields can be obtained from the FDTD iterative computation.
Considering (2), then (3) can be rewritten aŝ
By the same means, we havê
where E n+1 y and E n+1 z stand for the exact value,Ê n+1 y andÊ n+1 z stands for the calculated value including the interpolation errors e y 1 and e z 1 . The electric fields on the (i − 1/2) layer of meshes can also be obtained by interpolation. 
where J is the unit imaginary number, ω is the angle frequency, k x is the wave number along the x axis. In FDTD algorithm, ∆x should satisfy ∆x ≤ λ/10, thus we have
Combining (4)- (9), and make some approximation by (10), we can get the modified interpolation formulae as follows:
where ρ = υ∆t/∆x, υ is phase velocity and υ = 1/ √ εµ.
Utilizing (11)- (12), the interpolation errors can be considerably reduced. Therefore, for the DD-PFDTD, the primary steps of interpolation are as follows: 1) the magnetic fields or electric fields on the first layer of meshes are obtained from the adjacent subdomain by using the linear interpolation.
2) The electric fields or magnetic fields on the second layer of meshes are obtained by the same interpolation method and FDTD iterative calculation simultaneity, and then (11)- (12) are used to correct the interpolation errors.
After finishing these steps, the accuracy of the exchanged data between subdomains can be ensured. However, the interpolation is an indirect method for data exchange, which will bring on the lower parallel efficiency as compared with the traditional method in which data are directly transferred. In order to improve the parallel efficiency, we adopt a novel MPI-OpenMP hybrid FDTD approach, which introduces task parallelization at the basis of the data parallelization of the traditional DD-PFDTD. The Message Passing Interface (MPI) library is used in conjunction with OpenMP multithreading to achieve two-level parallelization of the data and tasks. By using OpenMP compiler directives (#pragma omp parallel sections), the interpolation between subdomains and the iteration within subdomains are divided into two relatively independent subtasks, which can be parallelized by going multithreaded. In literature [21] , we analyzed the parallel performance of this approach in detail. In fact, considering that modern CPUs give directly support to multithreading or multiple tasks from the hardware, the overlapping operation of the interpolation and iteration can availably be achieved with the use of OpenMP multithreading as the second level parallelization, which will ensure the parallel performance of the DD-PFDTD with interpolation technique.
NUMERICAL MODELS
In order to discuss the effect of the human-body posture on the SAR in the head of the handset user, a realistic whole-body human model has been used, which is developed from MRI scans of a male volunteer of height 176 cm and weight 73 kg. It consists of 30 types of tissue and has a resolution of 2 mm. The tissue classification of the FDTD cell is decided by the major tissue in the cell. The electrical properties and densities of the tissues which are derived from literature [24] are adopted in FDTD computation. Figure 2 shows a visualization of the human model in two postures: one is the standard standing, another is arms stretching vertically up.
The handset model used is the Generic mobile phone [25], which is proposed by Food and Drug Administration for an international comparison study, and is composed of a monopole antenna and a solid plastic body with 102 mm high, 42 mm wide, and 21 mm thick. A perfect electrical conductor (PEC) material with 1 mm thick is embedded in the body of the Generic mobile phone, as shown in Figure 3 . The length of the antenna is 71 mm for the operating frequency of 835 MHz. The handset is set to touch the left ear of the human head.
RESULTS AND DISCUSS
Considering the posture and position in use, the FDTD simulations are performed in three cases: 1) the standard standing with the head tilted forward by 45 • and the mobile phone in the vertical use position; Due to being tilted, the principal axes of the head and mobile phone are not parallel with the rest of the human model, which brings on it difficult to discretize accurately the computational domain by using a uniform mesh scheme. According to the principle proposed in Section 2, we regard the head and mobile phone as two independent subdomains. Considering that the thickness of the PEC material is 1 mm, the local meshes with 1 × 1 × 1 mm are created in the mobile phone. Thus, the problem can be solved by the DD-PFDTD with interpolation technique. Figures 4(a)-(c) shows SAR distributions for three cases in the horizontal section of the human head close to the feeding point of the antenna.
We can see that there are relatively obvious variations between adjacent cells of the tissues with different dielectric characteristics, and the maximum SAR values are located in the external ear (pinna) and the skin tissue layers of the head. For the same numerical model, we previously reported the SAR distributions for the case-1 using the traditional DD-PFDTD [26] , which agree well (difference within 3.2%) with our present results. This verifies indirectly the validity of the parallel FDTD code with interpolation technique for the SAR calculations. According to the ANSI/IEEE Std C95-1-1999 and the ICNIRP Guidelines, the dosimetric compliance of mobile phones requires the assessment of the maximum SAR (averaged over 1-g of tissue or 10-g of tissue) in the human head. We have made the relevant calculations and give the spatial peak SAR in Table 1 . The 1-and 10-g averaged spatial peak SARs were derived by shifting a cube of 1 × 1 × 1cm and a cube of 2.2 × 2.2 × 2.2 cm, respectively, across the head volume and computing SARs averaged over the cubes at every position by using SAR = σE 2 /2ρ (ρ: tissue density). In the SAR calculations above, the pinna is considered as part of the 1-or 10-g SAR averaging volumes. Because the pinna is usually the tissue closest to the feeding point of the handset antenna, the highest SAR value only for one FDTD cell (1-voxel SAR) is usually found in the pinna, consequently, averaging volumes that include pinna tissue will produce higher SAR. Exclusive of the pinna, we calculate the 1-and 10-g averaged spatial peak SARs in the head, and the results are shown in Table 2 . It can be seen from Tables 1 and 2 that the higher peak SAR occurred in the vertical use position, which is similar to the results obtained by using the isolated head model in literature [27] . Moreover, the safety limit (1.6 W/kg for SAR 1g ) can be exceeded if the pinna is included in the averaging volume. As for the effect of body posture, we find that the peak SAR values decrease slightly (within 6.8%) in arms up posture as compared with those in standard standing posture for the same use position (tilted 30 • ).
In order to better identify the electromagnetic absorption characteristics in the major organ of the head and elucidate the body posture effect, we compared the SAR values averaged over 1-g, 10-g and the whole organ for the brain in Table 3 . It is worth noting that a trend of increasing for both the 1-, 10-g averaged peak SARs and the whole organ averaged SAR inside the brain in arms up posture, although the different use position (vertical or tilted 30 • ) is employed. The maximum posture effect reaches 28% for the 1-g averaged peak SAR in the brain, which implies that the posture of arms stretching up plays a significant role in the EM energy absorption, and increases the maximum SAR level in the brain. However, the quantitative SAR values obtained above are apparently lower than the safety limits (1.6 W/kg for SAR 1g and 2 W/kg for SAR 10g ). This also implies an insignificant effect of the posture on the head when considering the spatial peak SAR assessment. Therefore, the SAR values derived from the standard standing posture should be appropriate, to a certain extent, for the evaluation of the SAR occurring in a real-life handset user, as required by the ANSI/IEEE or ICNIRP guidelines.
CONCLUSIONS
In this paper, we introduce a universal and efficient interpolation technique based on the super-absorbing boundary principle, which can improve the interpolation accuracy and ensure the stability of the FDTD iterative procedure. Using this technique, we have developed a novel MPI-OpenMP hybrid DD-PFDTD computation system for investigating the human-body posture effect on the SAR deposition for the mobile phone. Since a complicated problem is divided into several relatively independent sub-problems, it is convenient to build the human model in the different posture and use position for FDTD computing. As a result, we have found that there is no obvious difference for the peak SARs in the head between the standard standing and arms stretching up posture, whereas the SAR values in the brain, as a critical organ, are sensitive to the change of the body posture, and it increases by 28% at maximum for the 1-g averaged peak SAR. These results further confirm the complex interaction of EM energy with human body consisting of multiple tissue types with varying dielectric properties.
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